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INTRODUCTION 
Traditionally, climatic changes and fire have been discussed as the 
two most "likely" factors that control secondary succession in grasslands. 
Buell and Cantlon (1951) concluded that climatic changes were the control­
ling factors in the invasion of forest into prairie in a Minnesota study. 
In contrast, Wells (1965) concluded from studies of Nebraskan woodlands 
that the succession of forest into prairie was controlled by fire. 
The invasion of forest into prairie in central Iowa has been studied, 
but the importance of climatic changes and fire have not been related to 
the observed invasion. 
The disagreement about the importance of these factors, and the gen­
eral lack of information on these factors in central Iowa indicate the need 
for a fresh approach to the analysis of secondary succession. The research 
reported in this paper is such an approach. It is an attempt to apply the 
logic of "energetics" to the forest invasion of the prairie in central 
Iowa. 
The preliminary measurement of the energy budget of a com field 
(Transeau, 1926) was an early attempt at an "energetics" analysis. The 
concept of energy budgets seemed to be ignored until revived by Tansley's 
(1935) statement of the ecosystem, and with it arose the quantitative 
analysis of ecological systems. 
The first "energetics" analysis of any ecological system in terms of 
thermodynamics was conducted on a bog ecosystem (Lindeman, 1942). The 
analysis followed the hypothesis that the dynamic dissipation of energy 
in an ecosystem occurs within separate, but Interacting, species popula­
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tions which form trophic levels. The efficiency of each population in 
securing and utilizing energy, in addition to the availability of energy, 
were considered to be factors which determined the survival of the 
population. 
The utility of the ecosystem concept as an ecological tool was becom­
ing evident to many ecologists by the last 1950's. Ecology was being 
defined less as the study of the "interrelationships between organisms and 
their environment" and more often as "the study of structure and function 
of nature" (E. P. Odum, 1962). Odum defined ecosystem structure as 
species composition, quantity and ecological amplitude, and ecosystem 
function as energy flow between species populations, material or nutrient 
cycling and ecological regulation. 
Expanding the ideas of these men and others, utilizing the laws of 
irreversible thermodynamics and the concepts of the information theory, 
a forest-prairie boundary system in the process of secondary succession 
has been described and explained by a law of irreversible thermodynamics, 
viz. the irreversible dissipation of energy. 
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LITERATURE REVIEW 
"The Lake as a Microcosm" (Forbes, 1887), an essay describing the 
food web of a lake, is one of the earliest attempts to express the hypoth­
esis that the survival and productivity of one species population deter­
mines, at least in part, the survival and productivity of all other species 
populations in the same habitat. 
In the late 1920's, the hypothesis of the trophic level (Thienemann, 
1926) and the "Eltonian pyramid" of numbers (Elton, 1927) were composed, 
later to become the theoretical basis for an ecosystem science. 
The theory of primary productivity and its dissipation in the trophic 
levels of ecosystems was first stated by the limnologist, Juday (1940), but 
it was Raymond Lindeman (1942) who first combined the concepts of energy 
budget, trophic level, primary productivity and energy flow. He also 
initiated the modeling of ecosystems by depicting the dynamic unidirection­
al flow of energy through ecosystems, used and expanded in recent years by 
many authors (Billings, 1964; Colley, 1950; E. P. Odum, 1962. 1968; H. T. 
Odum, 1960; Phillipson, 1966). 
Macfadyen (1948) stated that investigators must use the concept of 
non-cyclic energy in ecological analysis. He stated that neither biomass, 
the components of which are cycled, nor number of individual organisms, 
were reliable quantities for the explanation of the functioning of eco­
logical systems. 
The non-cyclic characteristic of energy offered ecology an invaluable 
parameter ramified to all components of every ecosystem; a parameter which 
lends itself to precise analysis. 
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In the mid 1950's, the hypothesis was presented that the changes 
which occur in all ecosystems; i.e. successional events, are the direct 
result of energy dissipation (H. T. Odum and Pinkerton, 1955). This work 
led to the theoretical essay by Margalef (1963), in which he strengthened 
the relationship between the sciences of ecological energetics and 
irreversible thermodynamics. 
Ecologists had begun to realize that with a knowledge of the pathways 
through which energy flows in ecosystems, a comparison and evaluation of 
the entire ecosystem could be made as well as a determination of the 
relative importance of the diverse communities within the ecosystem 
(E. P. Odum, 1968). 
Presently, the most effective method of describing the flow of 
energy through ecosystems utilizes the abstract "Theory of Information" 
and the thermodynamic concepts of entropy (Brillouin, 1956). The infor­
mation theory states that a system functions efficiently as long as the 
channels receiving the directing information do not become jammed by the 
reception or accumulation of mis-information, i.e. noise. When jamming 
occurs, and noise accumulates, the efficiency of the system is altered, 
ultimately to a state of non-function, or death, if it is a living system. 
Researchers have suggested that information in natural systems is the 
energy available to the system which enables the system to function, and 
that noise is the quantitative decrease of accurate information, i.e. 
available energy, or an increase cf mis-information. Through a process 
described as entropy consumption (Lindsay, 1959), i.e. noise consumption, 
ecosystems may decrease entropy and create neg-entropy, thus maintain 
themselves (Margalef, 1968; Morowitz, 1968; Pattern, 1959). 
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Ecological research in the last decade has gone toward the analysis 
of ecosystems based on the theory of irreversible thermodynamics as 
described by Spanner (1964) and others, and the information theory as 
described by Brillouin (1956). 
Competition at community boundaries had captivated the interest of 
ecologists long before the development of the present theory of ecological 
energetics. The hypothesis that in every community, regardless of the 
state of maturity, succession was occurring, and that the invader-invaded 
balance at the boundary was extremely delicate, had been proposed (Weaver, 
1954). Competition between the communities was described as being as 
intense as any activity seen in nature, an advance of only two or three 
feet by the invading community taking five or more years (Weaver and 
Kramer, 1933). 
One early attempt to measure the intensity of competition along 
diverse grassland and forest boundaries in Iowa was carried out on a 
seasonal basis (Aikman, 1928) through observations of the changes in 
species pattern. 
The emphasis shifted from observations of changes in species pattern 
to community productivity, as a better method of quantifying the competi­
tive events of succession. Ecologists began analyzing competition at 
community boundaries by measuring the biomass of the organisms present in 
the communities on an annual basis (Kilburn, 1967; Whittaker, 1961; 
Wilhm, 1968). E. P. Odum (1960) stated that annual or even seasonal sam­
pling intervals were not sufficient to detect the true intensity of 
community competition. Others suggested more frequent sampling combined 
with the separation of the vegetation being sampled into strata and a 
6 
further sub-division of the strata into species (Ovington, 1963; Ovington, 
Heitkamp and Lawrence, 1963). 
The biomass, living material, in every ecosystem eventually dies and 
becomes litter, dead material. The function and rate at which the litter 
is reduced to its cyclic elemental components with the associated reduction 
of the non-cyclic energy component must be estimated if the energy flow 
through ecosystems is to be traced (Margalef, 1968). 
The major function of litter accumulated in a forest system is the 
maintenance of soil structure (Lowdermilk, 1930). The litter protects 
the soil from compaction by direct precipitation. The same function could 
well be applied to shrub systems. It has been observed that 60% of the 
total litter accumulation in Minnesota deciduous forests occurs in the 
months from September to November (Bray and Gorham, 1964). This accumu­
lation of mass, thus energy, on the forest floor has never been reported 
to have any detrimental effect on the total productivity of the deciduous 
forest system. The rate of litter decay in old fields and forests has 
been extensively discussed (Bocock, 1964; Bocock and Gilbert, 1957; Falconer, 
Wright and Beall, 1933; Olson, 1963, Shanks and Olson, 1961; Wiegert and 
Evans, 1964). 
The function of litter in the prairie system is probably the same as 
that in the forest and shrub systems. 
The effect of litter accumulation on the total productivity of the mes-
Ic prairie system is well documented in the literature. Litter accumulation 
greatly reduces the density of prairie plants (Weaver and Rowland, 1952), 
and inhibits the germination of seeds (Weaver. 1954). The quantity of lit­
ter accumulated in five years can reduce the total photosynthetic surface of 
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the prairie system, a reduction in production being the ultimate effect 
(Dyksterhuis and Schmutz, 1947). The rate of litter decay in grassland 
systems has also been well documented, the general conclusion being that 
grassland litter decays at a slower rate than forest or shrub litter 
(Hopkins, ''39; Old, 1969; Weaver, 1954). 
Below the soil surface the energy flow is less obvious and much 
harder tc measure; thus it has usually been ignored (Costing, 1956). The 
main activity of competition and succession of living systems occurs under­
ground according to some researchers (Weaver, 1954), 
In forest systems root growth begins in the spring as soon as the 
soil becomes warm enough to absorb water and ceases with the advent of 
cool autumn temperatures. There is no summer resting period (McDougal, 
1916), nor any apparent decrease in deciduous forest productivity with 
increasing age (Ovington, 1965). 
The ecotone systems found in Indiana, similar to the ecotone systems 
found in Iowa, are dominated by shrubs which prcJuce a number of fine 
root branchlets forming a fibrous mat (Duncan, 1935) that competes 
successfully with the root system of the prairie. Daubenmire (1947) made 
the very general observation that underground growth of shrubs extends 
throughout the summer with no period of dormancy, and continues into the 
autumn until the growing roots tips are killed by frost. 
The underground growth of the prairie system begins in the early 
spring with the initiation of "fine" roots. Major rhizome growth, how­
ever, begins in early summer (Mueller, 1941). A decrease of the under­
ground productivity with aging (Bray, 1963) and a definite decrease in 
the root-shoot ratio of prairie grasses with aging have been reported 
8 
(Weaver and Zink, 1946), There are some prairie species in which a period 
of summer dormancy occurs (Weaver, 1954), but no generalizations can be 
made for the entire prairie system. 
A major problem still hindering the analysis and comparison of 
ecosystems via energy dynamics is the lack of development of uniform 
sampling methods among researchers. The International Biological Pro­
gramme handbooks present a well documented series of sampling techniques 
for both forest (Milner and Hughes, 1968) and prairie (Newbould, 1967) 
vegetation. 
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SITE DESCRIPTION 
An upland cite in the Ledges State Park (Figures lA and IB, Appendix 
B) located in the NW SE %, Sec. 16, T38N, R26W, Boone County, Iowa, 
was used for field studies. It included an extensive forest-prairie 
boundary system with little evidence of human disturbance in the last 
two decades and a convenient access for weekly field trips to check 
climatological instruments. 
The soil of the study site was described as a Hayden forest soil 
of the Clarion-Nicollet-Webster soil association^. The soil of the 
prairie system has a B horizon with clay coatings on the soil peds indi­
cating that the site once supported forest vegetation. 
The prairie system is an "incomplete" prairie community in that 
many of the non-grass species, characteristic of a "complete" prairie 
community, are absent. The site of the prairie system was under culti­
vation until 1950, when it was planted to the major grasses of the tall-
grass prairie. Even with the limitation of "incompleteness", the prairie 
system showed vigorous growth. 
None of the systems had experienced disturbance in the form of 
grazing pressure from domestic animals, and only light browsing pressure 
from "wild" animals. The only major disturbance occurred in the summers 
of 1964 and 1967, when the southern half of the prairie system was 
accidently burned. The "incomplete" prairie system showed the typical 
grassland response to fire, i.e. increased vigor (Weaver, 1954). 
The forest system is dominated by Acer nigrum, Carya ovata, Fraxinus 
^W.A. Scholtes. Ames, Iowa. 1969. Field Notes. Personal communica­
tion . 
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pennsylvanica, Quercus alba, Quercus macrocarpa, and Tilia americana with 
a strong understory of Ostrya virginiana and Ribes spp. Where the forest 
system abutts the ecotone system the vegetation changes from well formed, 
mature individual trees to stunted individuals of Carya ovata and 
Quercus macrocarpa with an increase in understory of Carex spp. and 
Ribes spp. 
The ecotone system is comprised of Ambrosia artemisiifolia, Carex 
spp., Desmodium spp., Gleditsia triacanthos, Poa pratensis, Rhus glabra, 
Rhus radicans and Ribes spp. Scattered clumps of Andropogon gerardil, 
Panicum virgatum and Sorghastrum nutans become numerous as one nears the 
prairie-ecotone boundary. 
The prairie system is dominated by Andropogon gerardii, Andropogon 
scoparius, Elymus canadensis, Poa pratensis, Panicum virgatum, and Sorgh-
astrum nutans, with scattered clusters of Melilotus alba and Solidago spp. 
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METHODS 
There is almost no limit to the variation in techniques and para­
meters used to quantify terresterial plant systems. In this study, 
which involved three diverse plant systems, viz. the forest, ecotone 
and prairie, energy was selected as the only unbiased quantitative param­
eter. To obtain estimates of this parameter the above ground mass was 
clipped to the soil surface and separated in the field into the categories 
of living and litter. The below ground mass was sampled with a soil bucket 
auger. The individual samples of above and below ground mass were re­
moved from a series of stratified random quadrats in each system. The 
random quadrats were located along two transects discussed later in this 
section under field methods. The energy in both the above and below 
ground mass samples was determined by standard adiabatic calorimetry. 
Two transects (Figure lA, Appendix B), with ecotone subsystems of 
different width, were sampled at the end of each month of the growing 
season in central Iowa. This arrangement was a test to see if the width 
of the transition zones, i.e. ecotone, had any significant effect on the 
monthly changes of the mass and energy distributions and the direction of 
secondary succession of the forest-prairie boundary system. 
The monthly variations in the total mass and energy distributions 
for each transect were interpreted through the principles of irreversible 
thermodynamics and the information theory in search of a quantitative 
explanation of why, and in what direction, secondary succession was 
occurring. 
In addition, environmental changes, i.e. the average monthly air and 
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soli temperatures, vapor pressure deficits, and edaphic differences 
associated with secondary succession, between the subsystems were also 
investigated, but with less intensity. 
Field Methods 
The sampling model used in this experiment was a series of strati­
fied random quadrats located along a transect^. The transects were 
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stratified at 10-meter intervals with quadrat sizes of % m for prairie 
2 2 
vegetation, % m for ecotone vegetation and 1 m for forest vegetation 
(Oosting, 1956). 
The quadrat locations at each 10-meter interval were selected before 
entering the field from a table of ten thousand random numbers (Snedecor 
and Cochran, 1967). The first number in a line of random numbers was 
used to indicate the side of the transect to be sampled, even numbers 
indicated the right side and odd numbers indicated the left side. The 
next number falling between 0 and 6 in the same line indicated the distance 
in meters of the quadrat edge from the transect line. Once a sample quad­
rat was selected it was excluded from further sampling. 
The positions of the transects were selected to obtain a broad 
enough ecotone subsystem for comparable samples with the adjacent forest 
and grassland subsystems. This width was at least 20 m. Transect 1 was 
80 m long (Figure lA, Appendix B), and transect two was 230 m long (Figure 
lA, Appendix B). 
Mass collections were made during the last week of each month from 
^M.T. Jackson. Terre Haute, Indiana. 1967. Field Notes. Personal 
Communication. 
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May, 1969, through October, 1969, on transect 1, and from May, 1969, 
through September, 1969, on transect 2. 
Above ground mass was sampled for mo.:thly productivity estimates 
by clipping and removing all of the vegetation in a random quadrat to the 
mineral soil surface. The woody vegetation in the ecotone and forest 
subsystem quadrats was sampled to the top of the canopy. Productivity 
estimates were made from mass samples obtained by stripping all of the 
green leaves from branches and twigs inside the random quadrat, and then 
clipping the twigs at the most recent terminal bud scale scar, i.e. the 
mass produced in the 1969 growing season, discarding any material below 
the scar (Cronquist, 1961). 
The above ground mass was then separated in the field into two cate­
gories, living mass and litter mass. Living mass was defined as any 
functional photosynthetic surface, or any plant part that was produced in 
the 1969 growing season and functional, including twigs. Litter mass 
was defined as "the uppermost organic materials, partly or not at all de­
composed on the surface of the soil" (Hanson, 1962). In this experiment 
"organic material" was considered to be any nonfunctional photosynthetic 
surface, or any plant part which had been separated from the parent plant 
and was no longer functional. 
The collection of below ground mass, i.e. roots, was carried out with 
a bucket auger (Malone, 1968). The center of each random quadrat, pre­
viously clipped and the mass removed, was probed to a depth of 18 cm. 
This depth selection was based on observations that the major root mass 
occurs in the first 12 to 20 cm of the soil (Gould, 1967; Weaver, 1954). 
The rate of litter decomposition was estimated on a monthly basis in 
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each of the three subsystems of the forest-prairie boundary system. 
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Twelve litter samples from 1,000 cm quadrats were selected from each 
subsystem, numbered and their original positions marked. The samples 
were collected and weighed in the field to the nearest 0.1 gm, placed 
in 6.5 mm mesh nylon net bags and replaced, as nearly as possible, in the 
original positions of their respective subsystems (Ovington, 1963). The 
mesh size selected was large enough to permit the movement of detritus 
organisms in and out of the litter samples, and it prevented the weighed 
litter material from falling out of the bags before the samples were re­
trieved. At the end of each month, beginning with January, 1969, one 
bagged litter sample was removed from each of the subsystems for mass and 
energy determinations. The removal procedure was continued through 
December, 1969. 
Microclimatological data were recorded at the study site from Jan­
uary, 1969, to December, 1969, on instruments housed in standard shelters 
placed in each of the three subsystems. Each shelter contained two max.-
min. soil thermometers and one hygrothermograph four inches from the 
ground surface. 
The soil thermometers were calibrated against one another in the 
laboratory, using standard mercury thermometers as a reference. The 
hygrothermographs were calibrated against one another in the field, 
using standard mercury thermometers and a Bacharach Sling Psychrometer, 
Code; 12-2021, as references. 
Relative humidity, later converted to vapor pressure deficit, and 
air temperature were recorded on Bendix Hygrothermographs, Model 594, 
set to record two-hour increments on a weekly interval. The two-hour 
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increments were later converted to monthly averages for each of the 
three subsystems. 
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Total incident solar energy (cal/cm ) was recorded on a Belfort 
pyroheliometer, Model No. 5, set to record two-hour increments on a weekly 
2 interval. These data were later converted to kilocalories/m /month. 
The temperature of the soil was recorded at an integrated depth of 
0 to 30 cm on Science Associates maximum-minimum soil thermometers, Model 
37732, equipped with remote sensors. The sensors were placed in the soil 
at least one meter from the shelters to reduce any influence the shelters 
might have on the soil temperature which the sensors would detect. The 
temperature data were collected at approximately the same time each 
week of the experiment, and were later converted to monthly averages for 
each of the three subsystems. 
Soil samples were collected in the last week of October, 1959, at 
the end of the effective growing season for central Iowa. I felt that 
a soil analysis at this time would provide information depicting the 
greatest magnitude of differences among the three subsystems in terms 
of certain essential nutrients. The sample cores were taken to a depth 
of 18 cm at 10 m intervals along each transect; each one was sealed in 
a plastic bag immediately after removal from the soil. The analysis was 
begun the same day that the collections were made. 
Laboratory Methods 
All mass samples were removed from the field in sealed plastic bags 
within four hours after the initial collection. The samples were weighed 
to the nearest gram on a top-loading Mettler balance, Model P-10, and 
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placed in a drying oven set at 80 C for 24 hours. The dried samples were 
removed from the oven and allowed to cool for 30 minutes prior to weighing 
to the nearest gram. 
The dried, above ground mass samples were processed in a Wiley Mill, 
Model 11, equipped with a 0.5 mm mesh screen (Kucera, Dahlman and Koelling, 
1967), and stored at 3 C to reduce respiration by the plant material and 
growth activity of bacterial and fungal organisms which might alter the 
caloric value of the plant material. 
The below ground mass was removed from the field in relatively uni­
form, intact, cores of soil approximately 10 cm in diameter and 18 cm 
long. The intact cores were weighed to the nearest gram and dried at 80 C 
for 24 hours. The dried cores were removed from the drying oven and 
allowed to cool for 30 minutes prior to weighing to the nearest gram and 
storing at room temperature. 
The dried cores were placed individually in a collender lined with 
1 mm mesh nylon netting and sprayed with a jet of water to remove the 
soil of the core and free the root material. The material retained by 
the netting included stones, insoluble soil concretions and root material. 
This was placed in a 400 ml beaker into which a stream of water was flow­
ing at sufficient rate to float the root material out of the beaker into a 
collecting net of 1 mm mesh. The roots were blotted dry and immediately 
weighed to the nearest 0.1 gm and placed in a drying oven set at 80 C for 
24 hours. The material was then processed in a Wiley Mill and stored at 
3 C. The below ground mass undoubtly underwent some caloric loss due to 
the washing cycle, but no estimates were made of this value. 
The mass collected from each of the sample quadrats was sub-sampled 
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in triplicate, and the calories per gram were determined with a Parr Bomb 
Adiabatic Calorimeter, series 1200, equipped with a single valve oxygen 
bomb, series 1900. The technique is found in the Parr Manual No. 130, 
"Oxygen Bomb Calorimetry and Combustion Methods" (Parr Instrument Company, 
1968). 
The percentage ash of each sub-sample was determined by ashing in a 
Thermoclyne muffle furnace equipped with a Dubuque 11 Solid State Con­
troller at 550 C for 24 hours (Chapman and Pratt, 1962). 
Raw data from calorimetry and muffel furnace determinations were 
used with computer programming to obtain final values on an ash-free 
basis of kilocalories per square meter per month. A maximum error of 0.5% 
between sub-samples was acceptable. 
Analyses of the soil samples, collected in October, 1969, for calcium, 
total phosphate, pH, and total organic nitrogen were conducted by the 
Chemical Engineers Analytical Laboratory, Iowa State University, according 
to their standard laboratory procedures on file. 
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RESULTS AND DISCUSSION 
In central Iowa the succession of the deciduous forest into the tall-
grass prairie is accomplished through a zone of vegetational transition 
where the species of the two subsystems, forest and prairie, mingle to 
form a transitory third subsystem, the forest-prairie ecotone. 
In light of the general lack of information concerning the effects 
of climatic changes and fire with respect to secondary succession in 
central Iowa, microclimatic data and soil chemistry data were taken for 
two reasons. 1. To see if there was any significant variation in cli­
matic conditions during the previous 10 years and during 1969, when data 
for an "energetics" analysis of secondary succession were collected. 
2. To provide microclimatic and soil chemistry data which may be used 
as one basis of comparison with future "energetics" analyses of secondary 
succession at other boundaries. 
The weather records of the U. S. Weather Bureau, Iowa Section, Boone 
County weather station, indicated that the year of 1969 was not significant­
ly different from the previous ten years, with respect to total precipita­
tion, air temperature and soil temperature. 
Microclimatic Factors 
The average monthly vapor pressure deficit (Figure 2, Appendix B) 
is an indication of the evaporative power of the atmosphere. In general, 
the forest and ecotone subsystems showed a higher vapor pressure deficit 
than the prairie subsystem at the 4 inch level. Hulbert (1969) suggested 
that the accumulated litter on Kansan bluestem prairies maintained a high 
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moisture zone near the ground surface, although this was not documented 
with humidity measurements, the high moisture zone was suggested to in­
crease the survival of shrub and tree seedlings in the prairie. 
The average monthly air temperature (Figure 3, Appendix B) suggested 
that the forest subsystem was generally a degree, or two cooler at the 
4 inch level than the prairie subsystem during all but the last two months 
of the growing season, when the forest subsystem was a degree or two warm­
er than the prairie subsystem. The air temperature of the ecotone sub­
system was generally warmer than the forest subsystem, and much of the time 
the same as the prairie subsystem. The differences in the air temperatures 
were largely due to shading from the tree and shrub canopies of the forest 
and ecotone subsystems. 
The average monthly soil temperature from 0 to 12 inches (Figure 4, 
Appendix B) suggested that the forest soil was consistently cooler than 
the soil of the ecotone and prairie subsystems. The soil temperature of 
the ecotone subsystem was cooler than the prairie subsystem soil during 
the months of June and July, and warmer during the rest of the months of 
the growing season. The differences in soil temperatures are also largely 
due to the shading from the tree and shrub canopies of the forest and 
ecotone subsystems. 
The microclimatological data (Table 6, Appendix A) suggest that there 
is some variation between the subsystems with respect to air temperature, 
vapor pressure deficit and soil temperature, but it is impossible at this 
time to form any sound hypothesis as to the effect these variations have 
on the direction of secondary succeflsion. 
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Edaphic Factors 
Soil acidity has long been recognized as an important influence on 
the activity and distribution of decomposer organisms and photosynthetic 
organisms alike. Davey and Danielson (1968) state that the acidity of 
the soil is inversely related to the decomposition rate of organic mate­
rial. The activity of the major decomposer organisms is apparently reduced 
as the soil becomes more acid. In general, a pH range of 4.5 to 7.5 has 
no effect on the total number of decomposers in the soil, but increased 
acidity does cause a significant shift in the species composition of the 
decomposers and reduces their activity. 
Soil pH measurements along transect 1 (Figure 5A, Appendix B) are 
similar for the soil of the forest and ecotone subsystems. Here the 
vegetation boundaries were abrupt at both the forest-ecotone edge and the 
prairie ecotone edge. At the edges of the subsystems there may be a slight 
increase in acidity. 
The soil pK measurements along transect 2 (Figure 5B, Appendix B) 
are similar for the soils of the prairie and ecotone subsystems. Here 
the vegetation boundary was abrupt at the forest-ecotone edge but very 
gradual, in contrast to transect 1, at the prairie-ecotone edge. Because 
of topographic and drainage variations, the pH values along transect 2 
were generally higher than the pH values along transect 1, yet the rela­
tive magnitude of change to more acid conditions of the soil at the edges 
of the subsystems was the same. 
Figures 6A and 6B (Appendix B) show the percentage organic nitrogen 
for the upper 18 cm of the soil along transects 1 and 2, respectively. 
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The peaks and valleys, which occur at the edges of the subsystems, could be 
a reflection of the hypothesized reduction in decomposer activity and the 
differential accumulation of organic material at the edges of the subsystems 
due to changes in wind velocity caused by the tree and shrub vegetation of 
the forest and ecotone subsystems. 
Figures 7A and 7B (Appendix B) show the percentage calcium along tran­
sects 1 and 2, respectively. A calcium peak occurred near the prairie-
ecotone edge along transect 1 (transect station 3 P), i.e. the abrupt 
prairie-ecotone edge. A calcium peak also occurred along transect 2 
(transect station 14 E), i.e. the gradual prairie-ecotone edge. The cal­
cium peak along transect 2 in the forest subsystem (transect stations 19 F, 
21 F and 22 F), and the drop in calcium (transect station 20 F) may be due 
to topographic variations. 
Figures 8A and 8B (Appendix B) show the percentage phosphate along 
transects 1 and 2, respectively. A phosphate peak occurred near the 
abrupt prairie-ecotone edge (transect station 4 E) along transect 1. A 
phosphate peak also occurred along transect 2 (transect station 14 E) 
corresponding to the calcium peak mentioned previously along transect 2. 
The soil chemistry data (Table 7, Appendix A), presented with the 
error range for each determination, clearly suggest variations in soil 
acidity and the concentration of various nutrients in the soil, but it is 
impossible to formulate any sound hypothesis about the relation of these 
variations to secondary succession at this time. 
The variations in microclimate and soil chemistry within the forest-
prairie boundary system warrant further, in depth, investigation in re­
lation to secondary succession. 
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Mass and Energy Considerations 
The discussion to this point has dealt with the changes in several 
physical factors associated with the forest-prairie boundary system. The 
remainder of this paper is devoted to a discussion of the boundary system 
using the "organismic" approach to ecosystems (Margalef, 1968), that is 
to say, each of the subsystems of the forest-prairie boundary will be 
considered as separate identities which Interact at their edges. 
Using mass data (Table 8 and 9, Appendix A) and energy (Table 10 and 
11, Appendix A), the laws of irreversible thermodynamics, and the concepts 
of the Information Theory, a quantitative method of predicting the direc­
tion of secondary succession will be presented. Due to the complexity of 
living systems the discussion will be restricted to the vascular, photo-
synthetic organisms and their parts, before and after death, despite the 
expected importance of consumer and decomposer organisms. 
To examine how energy enables the living system to function, units of 
energy' can be thought of as bits of information. This abstraction permits 
the quantitative interpretation of living systems by the Information Theory, 
which states that whenever a system gains information, the gain is always 
paid for by an increase in entropy somewhere else in the universe, and a 
generalized Carnot Principle states that the price paid in increased entropy 
must always be larger than the amount of information gained (Brillouin, 
1956). The increase in entropy is irreversible, the basic limitation im­
posed on living systems by the laws of irreversible thermodynamics. 
The transition from units of energy to bits of information is not ob­
vious until one realizes that energy has neither a positive, nor a nega­
tive quality. This property of neutrality is a stringent requirement 
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of the second law of classical, as well as irreversible, thermodynamics: 
energy is neither created (a positive value), nor destroyed (a negative 
value), but is constant in the universe. 
A quantitative, functional characteristic is apparent if units of 
energy are interpreted as bits of information. The concept of informa­
tion, as a quantitative function, permits the addition, or subtraction, of 
bits of information according to the total information contained in the 
system. Energy profiles (Figures lOB and IIB, Appendix B) become infor­
mation profiles so that a more concise view of the functional state of 
the living system can be shown. 
I have expanded the concepts concerning the relationship between mass, 
energy and information proposed by Margalef (1958) and Horowitz (1968) for 
living systems. 
Let us suppose that one unit of energy is the same, in terms of 
information, as any other unit of energy in a quantitative sense. Mass, 
which contains the units of energy in varying quantities, brings the 
necessary qualitative characteristic, i.e. living or dead, shoots or roots, 
to the information contained in a living system. In this study the infor­
mation contained in the living mass of a system hats a positive quality 
(Margalef, 1968); it has the capacity to increase the functional complexity 
of the system's "input" mechanism. Functional complexity refers to the 
hypothesis that while one leaf, which is alive and functional, is complex, 
a forest canopy in full leaf, all of which are alive and functional, is 
more complex than one leaf, and that the addition of more living, function­
al leaves represent an increase in functional complexity. Furthermore, 
an increase in species diversity may be considered to represent an increase 
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in functional complexity, if the species survive. The "input" mechanism 
refers to the sum total of all the photosynthetic surfaces present in a 
living system. 
Eventually, the living mass dies, and the information content decreases, 
viz. when it becomes litter. The negative quality of litter is referred 
to as noise, an informational function which is detrimental to potential 
productivity, ultimately to the survival of the system. If noise builds 
up in a living system the system's ability to maintain as well as increase 
its existing functional complexity is impaired. Noise is detrimental to 
the system's capacity to resist invasion by adjacent systems, and to in­
vade adjacent systems, i.e. secondary succession. The quantity of noise 
contained in a system must be compensated for by an equal quantity of new, 
positive information needed by the system to resist stresses of competition 
created by adjacent systems. 
There remains to be developed a consideration of the various ways 
in which energy becomes dissipated, i.e. enters a state of entropy, in 
living systems. 
Patten (1959) approached the problem of ecosystem dynamics, i.e. 
succession, by considering order or information to be negative entropy 
and disorder to be entropy. He hypothesized that systems continually cre­
ate entropy from storid information, thus systems must continually extract 
neg entropy from the environment to maintain and increase order. This 
leads to the untenable conclusion that living systems are beyond the sec­
ond law of thermodynamics. 
In contrast, Viswanadham (1968) contends that any reaction can lead 
to a decrease in the entropy of a living system if there is a large enough 
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increase in the entropy of the environment so that the combined system 
and environment complex acquires increased entropy. This is an agreement 
with the second law of thermodynamics. 
The use of the term neg entropy assigns a quality to information which 
it does not have, viz. organization (Brillouin, 1956; Wilson, 1968a and 
1968b). Wilson (1968a and 1968b) has shown that neg entropy is a com­
plicating concept which may be avoided if one considers nonfunctional, 
bound information to be entropy. 
Entropy is defined as the quantity of energy that is dissipated to 
the other levels of a living system (Brillouin, 1956). All living systems 
undergo this process and all living systems contain a quantity of entropy. 
When a living system becomes more complex, •"hat is to say, the quanti­
ty of mass and energy contained in the producer level of the system in­
creases through time, a quantity of energy, which was used to create the 
increase in complexity is irreversibly dissipated, i.e. becomes unavail­
able to the producer level. This increase of complexity through time is 
depicted for each subsystem and subsystem interface, in terms of mass 
(Figure lOA and llA, Appendix B) and in terms of energy (Figure lOB and 
llB, Appendix B). 
I propose that at least three states of entropy must be considered 
in an "energetics" analysis of living systems. The conversion of energy 
to the first state of entropy, identified as , occurs when incoming 
energy is reflected from the system as heat, or stored energy is released 
in maintenance of living processes other than growth. In this case the 
total quantity of energy is expelled from the living system. The conver­
sion of energy to the second state of entropy, identified as S^, occurs 
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in growth, i.e. when the complexity of the "input" mechanism is increased. 
In this case, a portion of the energy is held in a functional state in the 
producer level of the system. Fruits, nuts, bark, heart wood and stored 
food material were considered to be in a functional state. The third 
state of increased entropy, identified as S^, occurs when a portion of 
the living system dies, the energy contained in the dead portion of the 
system no longer has any role as a part of the "input" mechanism, but the 
energy is held in the system providing energy for other living components 
such as decomposers. 
In the application of these new concepts of entropy states to living 
systems, it is apparent that some of the energy entering the system is 
used to maintain the existing complexity of the system. This portion 
immediately and irreversibly is converted to the state of entropy by 
respiration, estimates of which are presented in Tables 10 and 11 (Appen­
dix A). The other portion of the incoming energy is used by the system 
to increase the complexity of the system, i.e. to grow. This portion also 
is immediately and irreversibly converted to an increased state of entropy, 
Sg. This is the process of tissue construction, estimates of which were 
made from clipped field samples. These sample data are presented in terms 
of mass (Table 8 and 9, Appendix A) and energy (Table 10 and 11, Appendix 
A) for each transect station during the months of the growing season. 
When portions of individuals in a living system die, the energy con­
tained in the portion upon death, i.e. the complexity, undergoes an 
immediate and irreversible conversion to the entropy state. The exis­
tence of energy in the entropy state creates an increase in the complex­
ity of the system. This is the production of litter. Estimates of litter 
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production from field samples are presented in terms of mass (Table 8 and 
9, Appendix A) and energy (Table 10 and 11, Appendix A) for each transect 
station sampled during the months of the growing season. 
When portions of individuals in a living system die, the energy 
contained in the portion upon death, i.e. the complexity, undergoes an 
immediate and irreversible conversion to the entropy state. The 
existence of energy in the entropy states creates an increase in the 
complexity of the system. This is the production of litter. Estimates 
of litter production from field samples are presented in terms of mass 
(Table 8 and 9, Appendix A) and energy (Table 10 and 11, Appendix A) 
for each transect station sampled during the months of the growing 
season. 
The rate at which living systems can eliminate the litter, i.e. the 
noise held in the system that tends to accumulate, is of major importance 
to the productivity of primary producers. Estimates of the monthly rate 
of litter decomposition for one growing season were obtained from the 
bagged litter samples discussed in the methods section of this paper. 
These litter decomposition data are presented in Tables 10 and 11 
(Appendix A) and are also presented In terms of mass, i.e. the change 
2 in gm/m /month (Figure 12, Appendix B) and in terms of energy dissipated, 
2 i.e. the change in Kcal/m"/month (Figure 13, Appendix B) for each subsystem 
during the months of the growing season. These figures suggest that the 
prairie subsystem is less eficient in the elimination of litter mass and 
the dissipation of energy, i.e. noise, than are the other two subsystems. 
My data, for the monthly change In litter mass and energy are summar­
ized in Table 1. The data indicate that the energy contained in 
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Table 1. Mass and energy values of litter decomposition samples used to 
estimate the litter decay rates of the subsystems during the 
months of the growing season 
Prairie Ecotono Forest 
2 2 2 
gm/m cal/gm gm/m cal/gm gm/m cal/gm 
May 1050 4382 1350 4135 1620 4546 
June 1030 4227 1250 4435 1520 4791 
July 970 4350 1150 4484 1260 4226 
August 940 4200 860 4226 1240 4123 
September 700 4330 620 4065 1070 4632 
October 700 4110 360 3550 720 4391 
the litter mass is relatively constant, and that the litter mass is the 
quantity that changes during the growing season. Table 2 presents the 
percentage annual litter production which is eliminated and the percentages 
of the litter produced annually in the subsystems which are carried into 
the next growing season as noise. 
It now becomes clear that the prairie subsystem eliminates a lower 
percentage of its annual litter accumulation. It is, in fact, the least 
efficient of the three subsystems with respect to the elimination of 
litter, i.e. noise. This conclusion is supported by the observed annual 
decomposition rates reported by other researchers. Hopkins (1959) reported 
40% of the annual litter accumulation decomposed in one year in Kansan 
grassland, and Old (1969) reported 44% for Illinois prairie. The percent­
ages of annual litter decomposition for the forest and ecotone subsystems 
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Table 2. Annual percentages litter decay and litter carry over 
Prairie Ecotone Forest 
Percent annually 
eliminated 40% 60% 81% 
Percent carried 
into the next 
growing season 60% 40% 19% 
are similar to those reported in other studies (Bocock, 1964; Bocock and 
Gilbert, 1957; Falconer, Wright and Beall, 1933; Olson, 1963; Shanks and 
Olson, 1961; Wiegert and Evans, 1964). 
The following equation (E= is used to represent the efficiency 
ratios of the subsystems which comprise the forest-prairie boundary system. 
The efficiency ratios represent the functional states of the subsystems 
resulting from the relationship of the incoming solar energy to subsystem 
productivity and litter decomposition. 
rms of; 
Information 
The efficiency of the sub­
system 
The information contained in 
the "input" mechanism of the 
subsystem, plus the informa­
tion required to maintain the 
existing complexity of the 
"input" mechanism. 
Definition of symbols in te 
Symbol Energy 
E The efficiency of the 
subsystem 
A The energy of net produc­
tion, plus the estimate 
of energy used in respira­
tion. Loomis and Williams 
(1963) suggest that 48% 
of the energy of net pro­
duction is equal to the 
energy used in respiration. 
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Symbol Energy Information 
B The energy contained in the The information accumulated in 
litter, minus the energy the subsystem that does not 
eliminated from the sub- function in the acquisition of 
system through litter decay. new information, noise, minus 
the quantity of information 
eliminated from the subsystem. 
C Solar energy available for Thirty percent of the total 
photosynthesis, estimated information entering the 
to be 307o of the total subsystem. 
solar energy entering the 
subsystem (Loomis and 
Williams, 1963). 
The following example calculation is for field data (Table 11, Appen­
dix A) collected from transect 2, transect station number 4, (4P) during 
the month of May, 1969. 
(Above and Below ground living + Reap, estimate) - (Litter-Litter decay) 
30% of the total solar energy 
E = (313 + 1505 + 873) - (1882 - 13) Kcal/m^/month = 0.39 
2120 Kcal/m^/month 
Equipped with this theoretical background and the efficiency ratio 
equation, it is now possible to present a quantitative interpretation in 
answer to the questions of why and in what direction is secondary success­
ion occurring along a forest-prairie boundary system from the field data 
collected during the 1969 growing season. 
First, consider the mass data (Table 12 and 13, Appendix A), i.e. 
the material which contains energy. Transects 1 and 2 show similar 
gradients of mass (Figures lOA and llA, Appendix B). The forest subsystem 
contains the greatest concentration of mass, followed by the forest-
ecotone interface, the prairie subsystem, the prairie-ecotone interface 
and the ecotone subsystem, in that order. These gradients were maintained 
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throughout the growing season along both of the transects. 
Second, a consideration of the information profiles (Figures lOB and 
llB, Appendix B), i.e. transformed energy profiles, for the subsystems along 
transect 1 and 2, respectively, is in order. Transects 1 and 2 had gradients 
of information which were, in general, the same as the gradients of mass. 
These gradients were also maintained throughout the growing season. 
An examination of the information profile along transect 1 (Figure lOB, 
Appendix B) suggests that there was a sharp rise in the information content 
of the ecotone subsystem during the months of June and July. This increase 
in information correlates with a similar increase in the information con­
tained in the prairie subsystem during the same months. The data (Table 12, 
Appendix A) for the months of August and September suggest that the area of 
major increase in information was shifted, from the ecotone subsystem to 
the prairie-ecotone interface, by the drop in the information contained in 
the ecotone-prairie interface. During this shift the data suggest that the 
information contained in the prairie subsystem continued to rise. The 
forest subsystem and the forest-ecotone interface showed a series of peaks 
and depressions in their information content; however the forest subsystem 
maintained more information than the forest-ecotone interface, and both 
contained more information than tli> ecotone subsystem. 
An examination of the informa':'oti profile for transect 2 (Figure llB, 
Appendix B) suggests that the prairie-ecotone interface was the area where 
the information increased significantly through time, except during August 
when there was a decrease in information. The ecotone subsystem showed a 
gradual increase in information. The prairie subsystem followed the same 
general trend of increasing information content that was discussed for the 
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prairie subsystem along transect 1. 
There were instances where a decrease in the information content of 
the forest and prairie subsystems occurred, plus a general irregularity to 
the slope of the 3 dimensional graphs (Figures lOB and llA, Appendix B). It 
is my hypothesis that the more prominent decreases, i.e. those that occurred 
in July and August, were due to variations in the phenological events of 
the species which comprise the subsystems, the general irregularities I 
credit to sampling error. 
Third, an examination of the efficiency profiles (Figures IOC and llC, 
Appendix B) for transect 1 and 2, respectively, will relate the increases 
in information to the efficiency levels required to cause the increases. 
The efficiency profile (Figure lOC, Appendix B) for transect 1 suggests 
a definite similarity between all of the forest and ecotone subsystems and 
their interfaces. The prairie subsystem, with the exception of June, 
operated at the highest efficiency level. 
The efficiency profile (Figure IIC, Appendix B) for transect 2 also 
suggests that the prairie subsystem is able to increase its information 
content only at levels of efficiency higher than either the efficiency 
levels of the forest or ecotone subsystems. The data (Table 13, Appen­
dix A) suggests that there was a major increase of information at the 
ecotone-forest interface, and that the information was obtained at a 
level of efficiency which was higher than that of the forest subsystem. 
When there is an increase in the information content of a subsystem, 
the increase is paid for by the system in terms of increased entropy (Bril-
louin, 1956). The entropy function considered at length in this study is 
in the state, that is to say, noise, i.e. litter held in the system. 
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My data suggest that in these living systems there is a direct rela­
tionship between the noise level, the proximity of the noise to the "input" 
mechanism and the efficiency ratio of the subsystems which comprise the 
forest-prairie boundary system in central Iowa. 
In Table 3 the data obtained for the subsystems during 
the month of July, when the incoming solar information was at its peak 
(Figure 9, line t. Appendix B) suggest that the relationship proposed be­
tween noise levels, the location of the noise, in a physical sense, and the 
efficiency ratios of the subsystems is a valid concept. The location of 
the noise contained in the subsystem, with respect to the "input" mech­
anism, appears to have an effect on the efficiency ratio of the subsystem, 
i.e. the closer the noise to the "input" mechanism, the higher the 
efficiency ratio. 
The race at which noise is eliminated from the subsystem also shows 
a direct relationship to the efficiency ratios of the subsystems. The 
data suggest that the more efficient subsystems were forced to the higher 
efficiency levels by the noise levels they contain, also the noise levels 
are reduced at slower rates. My data (Table 10 and 11, Appendix A) and 
figures 12 and 13 (Appendix B) are summarized in the following table. 
In the prairie subsystem the location of the noise Is "immediate", 
that is to say, it is mixed in with the "input" mechanism. In the ecotone 
subsystem the location of the noise is "removed", i.e. it is located below 
much of the "input" mechanism (the shrub canopy). In the forest subsystem 
the location of the noise is "far removed", i.e. the noise is located far 
beneath the forest leaf canopy (the "Input" mechanism). 
In consideration of the noise elimination rates, the forest subsystem 
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Table 3. Relationship of noise level, physical location of noise, and rate 
of noise elimination to subsystem efficiency ratios for June 
Prairie Ecotone Forest 
Noise level 1563 Kcal/m^ 1188 Kcal/m^ 3926 Kcal/m^ 
Noise elimination 
rate Lowest Intermediate Highest 
Physical location 
of noise with re­
spect to the "input" Immediate Removed Far removed 
mechanism 
Efficiency ratio 3.15 2.45 1.45 
has the most efficient noise elimination rate, followed by the ecotone 
subsystem and the prairie subsystem, in that order. 
The efficiency ratios for the three subsystems, indicators of the 
stress placed on the subsystems by their internal noise levels, suggest 
that the prairie subsystem has the highest efficiency ratio, followed by 
the ecotone subsystem and the forest subsystem, in that order. 
Living systems will expand with increases in information, i.e. sec­
ondary succession, if the noise level in the system does not become too 
great and force the system to operate at high levels of efficiency. 
Living systems will expand with increases in efficiency to a point, past 
which they will not expand, but decline. The high efficiency becomes 
detrimental to the entire life process of the system (Spanner, 1964), 
causing a general decadence in the system. 
Following this line of logic, systems which can increase their in­
formation content at lower efficiency levels, elminate noise at faster 
rates, thus have lower noise levels, will have greater potential for 
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expansion, than adjacent subsystems which eliminate noise at slower rates, 
thus have higher noise levels, and are operating at higher levels of 
efficiency. 
A hypothesis that the most productive system will dominate an area as 
a result of competition with a less productive system has been proposed 
(Margalef, 1968; Horowitz, 1968). If the hypothesis is valid, the forest 
subsystem examined in this study should be more productive than the eco-
tone and prairie subsystems which were also examined. 
To test the hypothesis, the information data presented in Tables 12 
and 13 (Appendix A) were averaged for the two transects according to 
subsystem for each month of the growing season. The averages were then 
equated to an efficiency ratio of one (1) for each subsystem by the fol­
lowing proportion. 
Known subsystem efficiency ratio 
2 
Known information content (Kcal/m ) 
1 
2 
Theoretical information content (Kcal/m ) 
Example calculation: 
1.15 _ 1 
2 2 6295 (Kcal/m ) X (Kcal/m ) 
X = 5474 (Kcal/m^) 
The data used in the example calculation were taken from Table 12 
(Appendix A), and are for the May, 1969, sample of the prairie subsystem 
along transect 1. 
The following table presents a summary of the information data result­
ing from the proportion for the forest-prairie boundary system. 
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Table 4. Information content of 
averaged for transects 
the forest-prairie boundary subsystems 
1 and 2 
Months Prairie Ecotone Forest 
May 4672 5565 16, 253 
June 2513 2125 4823 
July 3365 1689 4794 
August 3466 3115 3723 
September 2563 2179 21,931 
A graph of these data, presented below (Graph 1), clearly suggests 
that the forest subsystem is the most productive subsystem for the entire 
growing season of 1969. The data support the hypothesis and lead to 
further speculation, the rate of secondary succession. The forest sub­
system is continually exerting the external pressure of secondary success­
ion upon the ecotone subsystem. The ecotone subsystem exceeded the prairie 
subsystem in production during the first month of the 1969 growing season, 
and then took the position of the least productive subsystem for the re­
maining months of the growing season. Speculation here leads to the hypoth­
esis that the greatest successional pressure exerted on the prairie sub­
system, by the ecotone subsystem, occurs in the first month of the growing 
season. Examination of the data in tha light of these two hypotheses leads 
to the conclusion that secondary succession would occur at a faster rate 
between the forest and the ecotone subsystems, and at a slower rate be­
tween the ecotone and prairie subsystems. 
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Examination of the aerial photographs of the study site (Figure lA, 
Appendix B, shows the forest-prairie boundary as it appeared in 1958, and 
Figure IB, Appendix B, shows the same forest-prairie boundary as it 
appeared in 1969) offers visual proof that the forest subsystem is invad­
ing the ecotone subsystem, and that the ecotone subsystem is invading the 
prairie subsystem. The degree of change suggested by the data and shown 
in the aerial photographs indicates that the forest subsystem has made a 
greater advance into the ecotone subsystem, which has made very little 
advance into the prairie subsystem. This rate of succession is further 
supported by the observation that the trees of the forest subsystem are 
already established in the ecotone subsystem, as opposed to the shrubs 
of the ecotone subsystem which have yet to become established in the 
prairie subsystem. 
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SUMMARY AND CONCLUSIONS 
Mass and energy data were collected and rates of litter decomposition 
were estimated on a monthly basis along two transects through a forest-
prairie boundary system during the 1969 growing season in central Iowa. 
These data, interpreted through the principles of Irreversible Thermo­
dynamics and the Information Theory, have led to the following conclusions: 
1. The forest subsystem is the most productive of the three sub­
systems examined in terms of mass and energy, i.e. information. The values 
obtained are summarized in Table 5 below. 
Table 5. Estimated total mass and energy values of the forest-prairie 
boundary subsystems averaged for transects 1 and 2 
Month Prairie Ecotone Forest 
Averaged biomass values for 2 two transects (gm/m ) 
May 1197 1252 1982 
June 1318 1316 2115 
July 1987 1519 2395 
August 1515 1542 1941 
September 1947 1611 2555 
2 Averaged energy values for two transects (Kcal/m ) 
May 6089 3339 9077 
June 7287 5524 8440 
July 10263 4256 11122 
August 7608 4517 7186 
September 9510 3988 10408 
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2. The laws of Irreversible Thermodynamics and the concepts of the 
Information Theory provided a theoretical structure from which an emperi-
A-B 
cal equation was derived, (E = calculate efficiency ratios repre­
senting the functional states of the subsystems resulting from the rela­
tionship of incoming solar energy to subsystem productivity and litter 
decomposition. 
Energy, i.e. information, and mass values of above and below ground 
net productivity were added to a respiration estimate for each of the com­
ponent subsystems, prairie, ecotone and forest, of the forest-prairie 
boundary system to obtain the gross production estimate (A). Net produc­
tivity was estimated from clipped field samples, collected at monthly 
intervals during the 1969 growing season. Estimates of litter production, 
i.e. noise accumulation, were made in terms of masi and energy from clipped 
field samples. The rate of litter decay, i.e. noise elimination, was 
estimated for each of the three subsystems, from decaying litter samples 
held in nylon mesh bags, on a monthly basis for the entire year of 1969. 
Litter production minus litter decay gave estimates of the litter, i.e. 
noise, contained in each of the three subsystems (B). The incident solar 
energy available for photosynthesis (C) was measured at the study site. 
These values were used as functions in the efficiency ratio equation 
to calculate the operating efficiency of the three subsystems comprising 
the forest-prairie boundary system. The prairie was found to have the 
highest level of operating efficiency, the ecotone was intermediate, and 
the forest was operating at the lowest efficiency level. 
3. The operating efficiency of the subsystems appears to be in­
versely related to the rate of noise elimination, i.e. litter decomposition. 
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The rate of litter decomposition was calculated from decomposing litter 
samples contained in nylon net bags. The data suggest that the forest 
subsystem is the most efficient subsystem with respect to the elimination 
of litter, followed by the ecotone and prairie subsystems. 
4. The physical location of the noise, i.e. litter, with respect to 
the location of the "input" mechanism, i.e. photofynthetic surfaces, in 
a living system may have a direct effect on the level of the operating 
efficiency of the system; the closer the noise to the "input" mechanism, 
the higher the level of operating efficiency of the subsystem. 
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APPENDIX A 
Table 6 . Climatological data : Average monthly readings during the 1969 growing season 
Incoming energy (Kcal/m^) per month 
Month Total Solar energy 
Solar energy 400-700 mu 
Subsystem Vapor 
pressure deficit Temperature F 
Air Soil 0-12" 
May 
June 
July 
August 
September 
October 
4,818 
5,841 
6,800 
5,905 
5,059 
2,886 
2,120 
2,565 
3,010 
2,605 
2,239 
1,278 
Prairie 
Ecotone 
Forest 
Prairie 
Ecotone 
Forest 
Prairie 
Ecotone 
Forest 
Prairie 
Ecotone 
Forest 
Prairie 
Ecotone 
Forest 
Prairie 
Ecotone 
Forest 
3.049 
3.514 
3.678 
1.742 
2.783 
3.339 
1.130 
1.130 
0.989 
1.680 
2.180 
2.234 
1.452 
1.887 
1.742 
0.423 
1.565 
1.555 
6 2  
6 2  
6 1  
63 
64 
63 
72 
72 
71 
70 
71 
70 
62 
63 
63 
36 
49 
49 
57 
58 
51 
64 
62 
56 
71 
69 
65 
70 
71 
66 
66 
67 
63 
56 
58 
54 
Table 7. Soil nutrients and pH 
Transect % Organic 
station nitrogen 
OP 0.187 
IP 0.163 
2P 0.069 
3P 0.064 
4E 0,154 
5E 0.068 
6F 0.222 
7F 0.153 
OP 0.160 
IP 0.155 
2P 0.183 
3P 0.126 
4P 0.120 
5P 0.117 
6P 0.178 
7P 0.050 
8P 0.095 
9P 0.124 
lOP 0.248 
llE 0.430 
12E 0.322 
13E 0.160 
14E 0.321 
15E 0.074 
16E 0.052 
17E 0.168 
18E 0.184 
19F 0.249 
20F 0.038 
2 IF 0.130 
22F 0.205 
Error % Calcium Error % Phosphate Error pH 
Transect one 
Transect two 
10.003 
to.009 
±0.005 
-0.028 
±0.094 
±0.036 
JO.OZL 
to.085 
to.057 
-0.017 
70 .031 
Jo.045 
-0.028 
-0.035 
to. 181 
70.027 
-0.015 
-0.012 
to.052 
to.004 
to.031 
7^0.020 
-0,194 
to.026 
to.026 
-0.049 
to.024 
-0.044 
-0.028 
to.032 
to.007 
0.398 
0.307 
0.344 
0.471 
0.342 
0.385 
0.372 
0.390 
0.639 
0.913 
0.739 
0.598 
0.449 
0.752 
0.825 
0,624 
0.643 
0.758 
0.840 
0.570 
0.642 
1.081 
1.670 
1.153 
0.930 
0,563 
0.540 
0.988 
2.656 
2.064 
2.720 
-0.006 
-0 .190 
to .047 
-0.272 
to.100 
to .018 
-0.039 
to .074 
to .  050 
-0 .103 
-0.073 
to .  171 
to .  149 
-0.115 
to.168 
to ,007 
to .123 
to ,008 
lp .032 
to .070 
to .  058 
to .167 
-0.040 
to .177 
-0.260 
-0,105 
to .070 
to .072 
to .424 
to .133 
to.160 
0.090 
0.088 
0.071 
0.064 
0.095 
0.057 
0.069 
0.063 
0.069 
0.080 
0,068 
0.052 
0.062 
0.048 
0.047 
0 . 0 6 0  
0.073 
0.063 
0.110 
0.096 
0.067 
0.115 
0 .182  
0.098 
0.057 
0,046 
0,053 
0,096 
0.099 
0.129 
0.107 
-0.015 
to .004 
to .Oil 
-0.010 
to .009 
to .009 
to .005 
to .028 
to .000 
to .010 
to .010 
to .006 
to .003 
-0 .001  
-0 .004 
to .004 
to .017 
to .002 
to .013 
to .007 
to .022 
to .014 
to.006 
to .036 
-0.026 
to .010 
to .006 
to.Oil 
Jo.029 
Jo.010 
-0.018 
6.5 
6.5 
6.3 
6.4 
5.9 
6 .3  
5.9 
6 . 2  
6.9 
6 .3  
6 . 1  
6 . 2  
6.4 
6 .3  
6 . 2  
6 . 2  
6 . 0  
6 . 2  
6.3 
6.6 
6 . 1  
6 . 2  
6.7 
6 .3  
6.5 
6 . 2  
6.1 
5.9 
6.9 
6.9 
6 .3  
50 
Table 8 . Biomass values of plant materials; transect one (grams dry wt/m ) 
Month Transect 
stations 
Above ground 
living 
Below ground 
living Litter Total biomass 
OP 230 540 380 1150 
IP 320 480 800 1600 
2P 30 600 160 790 
May 
3P 110 1080 550 1740 
4E 242 660 190 1092 
5E 218 840 546 1664 
6F 601 660 829 2090 
7F 705 540 783 2028 
OP 380 240 450 1070 
IP 670 480 430 1580 
2P 250 780 260 1290 
June 
3P 120 540 130 790 
4E 466 540 392 1398 
5E 470 420 544 1434 
6F 618 540 682 1840 
7F 944 540 850 2334 
OP 520 780 260 1560 
IP 620 2160 430 3210 
2P 180 1200 230 1610 
July 3P 400 1020 290 1710 4E 296 1140 114 1550 
5E 458 1020 128 1606 
6F 442 900 412 1754 
7F 456 1380 452 2288 
OP 440 1020 760 2220 
IF 100 540 750 1390 
2P 300 900 140 1390 
August 
3P 340 780 320 1440 
4E 510 900 142 1552 
5E 406 720 270 1396 
6F 632 1080 412 2124 
7 F 456 720 452 1628 
OP 710 660 450 1820 
IP 310 1020 410 1740 
2P 560 960 670 2190 
3P 
September 
420 
220 
840 
900 
230 
310 
1490 
1430 
5E 240 1140 354 1734 
6F 245 1320 664 2229 
7F 536 1140 644 2320 
51 
Table 8 . (Continued) 
Month Transect 
stations 
Above ground 
living 
Below ground 
living Litter Total biomass 
OP 40 900 830 1770 
IP 000 1440 1300 27403 
2P 000 1020 290 1310 
October 3P 130 1680 1000 2810 
4E 26 1440 232 1698 
5E 84 1500 204 1788 
6F 100 1620 516 2236 
7F 91 960 304 1355 
52 
2 Table 9. Biomass values of plant materials; transect two (grams dry wt/m ) 
Month 
Transect 
stations 
Above ground 
living 
Below ground 
living Litter Total biomass 
OP 30 360 490 880 
IP 100 1200 230 1530 
2P 130 480 640 1250 
3P 110 900 290 1300 
4P 70 840 440 1350 
5P 200 480 230 910 
6P 110 540 140 790 
7P 110 540 120 770 
8P 100 600 160 860 
9P 80 600 280 960 
lOP 30 780 400 1210 
HE 542 1320 184 2046 
12E 204 480 260 944 
13E 98 840 140 1078 
14E 48 660 150 858 
15E 182 600 184 966 
16E 146 480 60 686 
17E 62 960 116 1138 
18E 60 780 448 1288 
19F 314 840 894 2048 
20F 223 840 771 1834 
2 IF 62 2160 360 2582 
22F 147 480 530 1157 
OP 420 300 140 860 
IP 110 240 300 650 
2P 158 720 660 1538 
3P 310 1140 230 1680 
4P 440 1200 690 2330 
5P 340 300 440 1080 
6P 260 300 220 780 
7P 240 1560 460 2260 
8P 170 180 460 810 
9P 410 1800 310 2520 
lOP 320 780 360 1460 
HE 124 600 182 906 
12E 290 540 226 1056 
13E 700 360 292 1352 
14E 284 1140 72 1496 
15E 260 840 148 1248 
16E 216 600 116 932 
17E 180 300 92 572 
18E 1096 420 648 2164 
19F 710 420 1242 2372 
20F 580 360 742 1682 
2 IF 530 1380 1542 3452 
22F 310 420 332 1062 
May 
June 
53 
Table 9 . (Continued) 
w Transect Above ground Below ground , _^ „ , , , 
stations living living Total biomass 
OP 520 
IP 330 
2P 820 
3P 310 
4P 340 
5P 350 
6P 210 
7P 600 
8P 1070 
9P 910 
lOP 390 
July HE 292 
12E 254 
13E 234 
14E 432 
15E 310 
16E 276 
17E 268 
18E 268 
19F 697 
20F 770 
21F 720 
22F 330 
IP 360 
2P 200 
3P 380 
4? 2iO 
5P 340 
6P 220 
7P 450 
BP 510 
9P 130 
lOP 700 
August HE 302 
12E 322 
13E 112 
14E 250 
15E 288 
16E 316 
17E 206 
18E 564 
19F 949 
20F 941 
2IF 914 
22F 690 
900 560 1980 
1800 220 2350 
900 450 2170 
900 270 1480 
1500 230 2070 
900 190 1440 
660 190 1060 
900 540 2040 
780 750 2600 
1080 250 2240 
1320 310 2020 
960 214 1466 
780 22 1066 
1140 204 1578 
1080 108 1620 
900 50 1260 
1140 100 1516 
900 42 1210 
1500 184 1952 
900 510 2107 
1720 849 3339 
1260 608 2588 
1800 908 3038 
600 250 1210 
600 300 1100 
900 260 1540 
900 240 1350 
900 250 1490 
720 180 1120 
1200 150 1800 
1080 310 1900 
780 240 1150 
720 110 1530 
900 260 1462 
900 104 1326 
1200 12 1322 
1560 36 1846 
960 98 1346 
1920 40 2276 
1200 36 1442 
1020 274 1858 
780 320 2049 
840 608 2389 
600 610 2124 
540 232 1462 
54 
Table 9 . (Continued) 
M"-" Above ground living 
Below ground 
living Litter Total biomass 
OP 880 1980 890 3750 
IP 300 1140 650 2090 
2P 160 780 600 1540 
3P 230 960 470 1660 
4P 130 960 310 1400 
5P 260 1860 430 2550 
6P 130 900 310 1340 
7P 550 1080 710 2340 
8P 540 1200 440 2180 
9P 410 1080 480 1970 
lOP 670 1200 230 2100 
September 
12E 
464 
196 
1020 
1500 
210 
140 
1694 
1836 
13E 210 900 140 1250 
14E 202 1140 212 1554 
15E 232 1380 190 1802 
16E 206 1620 190 2016 
17E 104 1080 84 1268 
18E 892 540 264 1696 
19F 1380 1380 944 3704 
20F 1820 1680 243 3743 
21F 740 900 210 1850 
22F 1060 1020 961 3041 
Table 10. Calorific values of plant materials; transect one (Kcal/m ) 
Month 
Transect 
stations 
Above ground 
living 
Below ground 
living 
Respiration Litter 
_ Litter , 
estimate decay rate 
Total Efficiency 
energy ratio 
May 
OP 
IP 
2P 
3P 
4E 
5E 
6F 
7F 
926 
1423 
130 
487 
1088 
972 
2681 
3160 
2321 
3435 
1432 
1406 
1141 
534 
175 
304 
1559 
2331 
750 
908 
1070 
723 
1370 
1663 
1642 
3416 
678 
2345 
837 
2320 
3783 
3469 
13 
13 
13 
13 
16 
16 
55 
55 
6448 
10596 
2990 
5147 
4135 
4549 
7965 
8595 
1.50 
1.78 
1.10 
0 . 2 2  
1.56 
-0.003 
0 . 2 6  
0 .81  
June 
OP 
IP 
2P 
3P 
4E 
5E 
6F 
7F 
1632 
3059 
1057 
514 
2018 
2215 
2738 
4125 
2478 
1470 
1716 
738 
1448 
375 
1193 
322 
1972 
2174 
1331 
600 
1664 
1243 
1407 
2135 
1934 
1821 
1079 
555 
1623 
2367 
2861 
3678 
247 
247 
247 
247 
1523 
1523 
82 
82 
8016 
8524 
5183 
2408 
6762 
6200 
7199 
10260 
2.99 
3.28 
2.05 
0.99 
3.14 
2.53 
2 .08  
3.14 
July 
OP 
IP 
2P 
3P 
4E 
5E 
6F 
7F 
2282 
2689 
779 
1730 
1313 
2152 
1999 
2053 
4310 
2386 
4330 
1848 
1279 
1022 
422 
482 
3164 
2436 
2452 
1717 
1244 
1524 
1162 
1217 
1805 
1805 
971 
1236 
502 
548 
1754 
1966 
34 
34 
34 
34 
387 
387 
1958 
1958 
11561 
9316 
8532 
6531 
4338 
5245 
5337 
5718 
3.82 
2.94 
2.64 
2 . 1 8  
1.65 
1.98 
2 . 1 6  
2.23 
Table 10. (Continued) 
Month 
August 
September 
October 
ansect 
ations 
Above ground 
living 
Below ground 
living 
Respiration 
estimate Litter 
Litter 
decay rate 
Total 
energy 
Efficlen 
ratio 
OP 1941 3516 2619 3325 272 11401 2.77 
IP 437 1891 1117 3292 272 6737 1.24 
2P 1293 2521 1827 608 272 6249 1.37 
3P 1468 2658 1990 1390 272 7506 2.12 
4E 2607 680 1567 634 522 5488 1.79 
5E 1828 465 1040 1198 522 4531 1.28 
6F 2878 354 1648 1792 88 6672 1.65 
7F 2118 236 1129 2132 88 5615 1.19 
OP 3092 2223 2550 1947 917 9812 3.73 
IP 1352 2498 1848 1768 917 7466 2.95 
2P 2463 3049 2641 3171 917 11324 4.05 
3P 2051 2564 2210 980 917 7805 3.46 
4E 1020 571 7765 1354 114 3710 1.10 
5E 1113 684 8863 1534 114 4194 1.24 
6F 1129 442 755 3032 280 5358 1.16 
7F 2467 359 1358 3082 280 7366 2.04 
OP 183 2887 1474 3484 00 8028 0.83 
IP 000 4564 2190 6019 00 12773 0.56 
2P 000 3423 1643 1332 00 6398 3.16 
3P 575 5274 2810 4208 00 12867 3.48 
4E 116 1051 560 997 242 2724 1.54 
5E 386 918 626 939 242 2869 1.70 
6F 452 551 481 2382 1795 2866 1.78 
7F 414 301 343 1384 1795 2442 2.23 
Table 11. Calorific values of plant materials 
Month 
May 
Transect 
station 
Above ground 
living 
Below ground 
living 
OP 132 1912 
IP 400 8672 
2P 614 2069 
3P 467 2093 
4P 313 1505 
5P 817 1690 
6P 504 2285 
7P 471 1877 
8P 440 2437 
9P 354 2352 
lOP 131 2249 
HE 2482 84 
12E 935 501 
13E 438 418 
14E 209 373 
15E 809 225 
16E 652 236 
17E 274 52 
18E 262 265 
19F 1473 232 
20F 968 58 
21F 275 485 
22F 672 372 
2 
transect two (Kcal/m ) 
Respiration 
Litter Litter Total Efficiency 
estimate decay rate energy ratio 
981 2115 13 5140 0.43 
4355 1458 13 15542 5.34 
1289 2665 13 6636 0.62 
1229 1216 13 5005 1.22 
873 1882 13 4573 0.39 
1203 972 13 4682 1.30 
1339 579 13 4706 1.68 
1127 469 13 3944 1.43 
1405 623 13 4955 1.76 
1299 1135 13 5139 1.36 
1142 857 13 4380 1.26 
1232 751 16 4549 1.44 
689 961 16 3086 0.56 
411 496 16 1763 0.37 
279 635 16 1496 0.11 
496 821 16 2351 0.34 
450 262 16 1650 0.53 
161 514 16 1011 -0.004 
253 2021 16 2801 -0.58 
842 4113 55 6710 -0.72 
493 3397 55 4916 -0.22 
365 1635 55 2760 -0.24 
501 3814 55 5359 -1.10 
Table 11. (Continued) 
Transect Above ground Below ground 
station living living 
OP 2101 10(')3 
IP 488 734 
2P 7011 2443 
3P 1378 5127 
4P 2013 2956 
5P 1493 1099 
6P 1147 1207 
7P 1077 6649 
8P 734 607 
9P 1816 5886 
lOP 1381 2808 
June HE 600 380 
12E 1299 360 
13E 3184 259 
14E 1721 964 
15E 1159 513 
16E 924 334 
17E 776 187 
18E 5201 282 
19F 3387 136 
20F 2682 122 
2IF 2361 404 
22F 1306 142 
Respiration Litter Total Efficiency 
Litter . . 
estimate decay rate energy ratio 
1519 606 
587 1316 
4538 2818 
3122 999 
2385 2993 
1244 173 
1130 951 
3709 2019 
645 3312 
3697 1341 
2011 1536 
470 1049 
796 1016 
1653 1777 
1289 329 
803 747 
604 499 
462 397 
2632 3016 
1691 5696 
1346 3336 
1327 6536 
695 1450 
5289 2.33 
3125 0.97 
16810 6.72 
10626 4.66 
10347 3.66 
4009 1.93 
4435 1.76 
13527 6.40 
5297 1.05 
12740 5.50 
7736 3.04 
3399 1.83 
3401 1.84 
6873 3.12 
4303 2.59 
3222 1.89 
2361 1.60 
1822 1.39 
11131 4.55 
10910 0.25 
7486 2.00 
10628 0.20 
3593 1.05 
247 
247 
247 
247 
247 
247 
247 
247 
247 
247 
247 
1523 
1523 
1523 
1523 
1523 
1523 
1523 
1523 
8 2  
8 2  
8 2  
8 2  
Table 11. (Continued) 
Transect Above ground Below ground Respiration ^ . Litter Total Efficiency 
Month _ T 1. . %. _ Litter , 
station living living estimate decay rate energy ratio 
OP 2256 3243 2640 1768 34 9907 2.72 
IP 144 S 6626 3876 931 34 12881 3.98 
2? 3579 3253 3279 7263 34 17374 3.37 
3P 1327 3255 2199 1084 34 7865 2.26 
4P 1474 7431 4274 982 34 14161 4.39 
5P 1511 3771 2535 790 34 8607 2.61 
6? 903 2489 1628 781 34 5801 1.68 
7P 2574 1678 2041 2268 34 8560 2.10 
8P 4644 4107 4201 3162 34 16115 4.32 
9? 4001 4041 3860 1055 34 12957 3.97 
lOP 1663 6078 3716 1294 34 12751 3.82 
llE 1232 632 895 898 387 3658 1.05 
12E 1139 510 792 96 387 2537 0.94 
13E 1015 603 777 871 387 3266 0.92 
14E 1918 743 1277 471 387 4409 1.44 
15E 1331 545 901 217 387 2995 1.20 
16E 1200 674 900 427 387 3202 1.05 
17E 1156 554 821 184 387 2716 0.97 
18E 3258 906 1999 815 387 6979 2.18 
19F 3104 1805 2356 2223 1958 9488 3.06 
20F 3525 233 1804 3594 1958 9156 2.50 
2 IF 3241 401 1748 2675 1958 8065 2.44 
22F 1490 477 944 3811 1958 6722 1.62 
Table 11, (Continued) 
, Transect Above ground Below ground 
Month ^• -I - -
station living living 
IP 1562 1952 
2P 883 1935 
3P 1685 2598 
4P 922 6160 
5P 1462 2893 
6P 955 2237 
7P 1972 3368 
BP 2239 3096 
9P 577 2563 
lOP 3020 2382 
HE 1308 594 
12E 1400 605 
13E 50 771 
14E 1098 971 
15E 1336 635 
16E 1397 1275 
17E 914 700 
18E 2490 717 
19F 4417 277 
20F 4390 187 
2 IF 4178 196 
22F 3098 184 
Respiration Litter Litter Total Efficiency 
estimate decay rate energy ratio 
1687 1062 
1353 1322 
2056 1148 
3399 1044 
2090 1089 
1532 764 
2563 650 
2561 1324 
1507 1027 
2593 46° 
913 1148 
962 452 
394 53 
993 172 
946 437 
-283 170 
775 156 
1539 1055 
2253 1489 
2197 2753 
2100 2571 
1575 999 
6263 2.10 
5493 1.71 
7487 2.54 
11525 4.13 
7534 2.58 
5488 1.92 
8553 3.14 
9221 3.14 
5674 1.89 
8464 3.17 
3964 1.28 
3419 1.34 
1268 0.67 
3234 1.38 
3354 1.32 
4126 1.72 
2545 1.12 
5801 2.02 
8436 2.70 
9527 2.63 
9045 2.52 
5856 1.90 
272 
272 
272 
272 
272 
272 
272 
272 
272 
272 
522 
522 
522 
522 
522 
522 
522 
522 
88 
88 
88 
88 
Table 11. (Continued) 
Transect Above ground Below ground Respiration ^ . Litter Total Efficiency 
Month . . T T- • Litter , . 
station living living estimate decay rate energy ratio 
OP 3854 6675 5054 3865 917 19448 7.40 
IP 1327 3136 2142 2876 917 9481 3.36 
2P 700 2418 1497 2480 917 7095 2.47 
3P 992 3227 2025 2043 917 8287 3.20 
4P 567 2797 1615 1393 917 6371 2.63 
5P 1131 4266 2591 1863 917 9852 3.98 
6P 564 2729 1581 1355 917 6230 2.59 
7P 2444 3456 2832 3045 917 11777 4.31 
8P 2346 3781 2941 1906 917 10974 4.46 
9P 1759 3223 2391 2093 917 9466 3.70 
lOP 2895 3247 2948 1022 917 10112 4.47 
HE 2049 515 1231 928 114 4723 1.75 
12E 900 927 877 632 114 3338 1.26 
13E 928 600 733 638 114 2899 1.06 
14 E 904 654 748 969 114 3276 1.08 
15E 1042 806 887 865 114 3600 1.27 
16E 908 1036 933 833 114 3710 1.34 
17E 465 768 592 379 114 2204 0.87 
18E 4531 362 2349 1191 114 8434 3.29 
19 b- 661 739 672 4058 280 6130 1.05 
20F 839 842 807 1087 280 3576 1.23 
2 IF 324 5 30 410 839 280 2105 0.69 
22F 476 637 534 4357 280 6004 0.86 
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Table 12. Biomaos, energy, and efficiency ratio values; transect 1 
Month Prairie Prairie Ecotone Ecotone 
May 1320 1416 1378 1877 2059 
June 1183 1094 1416 1637 2087 
July 2023 1630 1578 1680 2021 
August 1610 1496 1474 1760 1876 
September 1810 1460 1582 1982 2275 
2 
Energy values of plant materials; transect 1 (kilocalories/m ) 
May 6295 4641 4342 6257 8280 
June 6033 4585 6483 6701 8725 
July 8985 5435 4792 5291 5528 
August 7973 6497 5010 5602 6144 
September 9102 5758 3952 4776 6362 
Efficiency values of subsystems; transect 1 
May 1.15 0.89 0.78 0.13 0.54 
June 2.33 2.07 2.84 2.31 2.61 
July 2.90 1.92 2.82 2.07 2.20 
August 1.88 1.96 1.54 1.47 1.42 
September 3.55 2.28 2.17 1.20 1.60 
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Table 13. Biomass, energy, and efficiency ratio values; transect 2 
. Prairie- „ ^ Ecotone-
Month Prairie ^ Ecotone r Forest 
ecotone forest 
2 
Bioraass values of plant materials; transect 2 (grams dry wt/m ) 
May 1074 1628 1126 1668 1905 
Juna 1452 1183 1216 2268 2142 
July 1950 1743 1459 2030 2768 
August 1420 2496 1610 1954 2006 
September 2084 1879 1640 2700 2835 
2 Energy values of plant materials; transect 2 (kilocalories/m ) 
May 
June 
July 
August 
September 
5882 
8540 
11541 
7242 
9918 
4465 
5568 
8205 
3692 
7418 
2336 
4564 
3720 
4023 
4023 
4756 
11021 
8234 
8982 
7040 
9873 
8154 
16716 
8227 
14454 
Efficiency values of subsystems; transect 2 
May 1.52 1.35 0.42 -0.29 -0.57 
June 3.46 2.43 2.35 2.40 0.88 
July 3.20 2.44 2.22 2.62 2.41 
August 2.51 2.23 1.36 2.35 2.44 
September 3.87 3.11 1.49 2.17 0.96 
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APPENDIX B 
Figure 1. Aerial photographs of the forest-prairie 
study site 
A. 1958 vertical photograph 
B. 1969 low oblique photograph 

Figure 2. Average monthly vapor pressure deficit for the months of the growing 
season in central Iowa, taken 4 inches above the ground surface 
•forest 
•prairie 
Aecotone 
Month:: 
Figure 3. Average monthly air temperature for the 
months of the growing season in central 
Iowa, taken 4 inches above the ground 
surface 
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Figure 4. Average monthly 
1969 in central 
of 0-12 inches 
soil temperatures for 
Iowa, taken at a depth 
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Figure 5. Soil pH measured in the upper 18 cm at 
the end of the growing season in central 
Iowa 
A. Soil pH profile for transect 1 
B. Soil pH profile for transect 2 
Figure 6. Total organic nitrogen in the upper 18 cm 
of soil at the end of the growing season 
in central Iowa 
A. Total organic nitrogen profile for 
transect 1 
B. Total organic nitrogen profile for 
transect 2 
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Figure 7. Percentage calcium measured in the upper 
18 cm of soil at the end of the growing 
season in central Iowa 
A. Calcium profile for transect 1 
B. Calcium profile for transect 2 
Figure 8. Percentage phosphate measured in the upper 
18 cm of soil at the end of the growing 
season in central Iowa 
A. Phosphate profile for transect 1 
B. Phosphate profile for transect 2 
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Figure 9. Average monthly solar energy entering the study site In 1969 
2 
T. Total solar energy entering the study site (Kcal/m /month) 
t. Percentage total solar energy in the 400-700 m range avail­
able to^plants for photosynthesis during the growing season 
(Kcal/m /month) 
Thousands of kilocalories per sq meter 
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Figure 10. Graphed monthly values during the growing 
for the forest-prairie boundary system 
along transect 1 
A. Total mass 
B. Total energy 
C. Subsystem efficiency ratios 
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Figure 10. (Continued) 
B. Total energy 
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Figure 10. (Continued) 
C. Subsystem efficiency ratios 
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Figure 11. Graphed monthly values during the growing 
season for the forest-prairie boundary 
system along transect 2 
A. Total mass 
B. Total energy 
C. Subsystem efficiency ratios 
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Figure 11. (Continued) 
B. Total energy 
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Figure 11. (Continued) 
G. Subsystem efficiency ratios 
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Figure 12. Amount of litter decomposition in grams/m 
during each month of the growing season in 
central Iowa 
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Figure 13. Amount of litter decomposition in Kilocalories/m 
during each month of the growing season in central 
Iowa 
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